Loma salmonae, a microsporidian parasite of salmonids of the genus Oncorhynchus, is a significant cause of economic loss in pen-reared chinook salmon (O. tschawytscha). Final stages of L. salmonae infections are easily recognized by the xenomas that form in the gills during sporogony. However, early prexenoma stages of infection (3 weeks or less after infection) are difficult to detect on histologic slides. An L. salmonae-specific single-stranded DNA probe labeled with digoxigenin was used to detect these prexenoma stages of L. salmonae by in situ hybridization in experimentally infected rainbow trout. This method allows detection of the parasite in the gills only 2 weeks after infection, providing a sensitive and specific way of detecting L. salmonae during the early stages of infection.
The microsporidian Loma salmonae is an obligate intracellular parasite that infects the gills of salmonid fish of the genus Oncorhynchus, 8 especially pen-reared chinook (O. tshawytscha) and coho (O. kisutch) salmon. L. salmonaeinfected fish from these species have a high rate of mortality and increased susceptibility to other infectious diseases. 11 Infections with L. salmonae usually result in the development of abundant characteristic xenomas in the gills. 8 Xenomas are parasite-infected cells that undergo hypertrophy as the pathogen divides and produces spores. 1, 8 The presence of xenomas leads to the formation of granulomas 2 and an epithelial hyperplastic response that results in loss of respiratory surface, leading to death. Rainbow trout (O. mykiss) can become infected with L. salmonae without clinical signs of infection or mortality. This makes O. mykiss an ideal species for the study of the development of this disease, because the parasite can complete its life cycle just like it does in naturally or experimentally infected chinook salmon. 11 Infection with L. salmonae occurs after its spores are ingested by the host and hatch in the fish's gut, infecting a host cell. Very little is known of the mechanisms of disease until the presence of xenomas becomes evident in the gills of infected fish. DNA-based diagnostic methods are especially suited to the detection of pathogens. These methods are especially specific and sensitive given the uniqueness of the DNA sequences of the host and pathogen and allow recognition of the specific target (pathogen) DNA in the host regardless of the stage present or whether the infection is subclinical. 12 Recently, there has been an increase in the use of polymerase chain reaction (PCR) primers in the detection of pathogens that affect aquatic animals. 12 L. salmonae-specific primers have been developed for the diagnostic detection of the parasite in infected fish. 1 These primers recognize the internal transcribed spacer regions, and portions of the small subunit and large subunit of the ribosomal DNA sequence of L. salmonae, and do not cross-react with DNA from other microsporidian species. 1 These primers were used in the development of an L. salmonae-specific probe.
One hundred juvenile rainbow trout (average weight, 15 g) were infected with L. salmonae by intubation with finely cut gills from infected fish. 6 The cut gills were mixed with an equal volume of water, and 0.1-0.2 ml was intubated orally. After euthanasia by benzocaine overdose, the first right gill arches from experimentally infected fish were sampled 1, 2, 3, 4, 5, 6, 7, 8, and 9 weeks after infection. Gill samples were fixed in 4% paraformaldehyde (Sigma) for 40 minutes and then kept in 70% ethanol until processed further. Tissues were dehydrated and embedded in paraffin in an automatic tissue processor. Sections were cut 6 m thick, placed on slides pretreated with 3-aminopropyltriethoxysilane (Sigma), and baked in an oven for 2 hours at 40 C to dry. L. salmonae DNA from purified spores was obtained by proteinase K digestion (10 mM Tris, pH 8.0; 10 mM ethylenediaminetetraacetic acid [EDTA]; 1% sodium dodecyl sulfate; 150 mM NaCl; 200 g ml Ϫ1 proteinase K) at 37 C overnight, followed by phenol chloroform extraction and ethanol precipitation. An L. salmonae-specific probe was developed in two steps. The first step consisted of a PCR reaction that served to produce template DNA for a second amplification reaction. In the first PCR reaction, L. salmonae spore ribosomal DNA was amplified with the L. salmonaespecific primers LS1 and LS2 described by Docker et al., 1 which amplify a 272-bp fragment. The conditions of the PCR were as described by Docker et al. 1 Briefly, a 50-l PCR reaction used standard PCR buffer (Pharmacia), 0.2 mM deoxyribonucleoside triphosphate mix (Pharmacia), 50 pg of each primer (Genosys Custom Biopolymers), and 1.25 units of Taq DNA polymerase (Pharmacia). Reactions were run in a thermocycler (PTC-200 Peltier Thermal cycler, M. J. Research) for 30 cycles, which consisted of denaturation at 94 C for 1 minute, primer annealing at 50 C for 1 minute, and extension at 72 C for 3 minutes. These cycles were preceded by an initial 3-minute denaturation at 95 C, followed by a 10-minute 72 C extension. The second PCR amplification reaction used 50 ng of the amplified fragment as a template. The rest of the conditions were the same as for the first PCR with the following changes. First, to generate a single-stranded probe, only the LS1 primer was used. 4 Second, deoxythymidine triphosphate was partially replaced by a homologue, digoxigenin-11-deoxyuridine triphosphate (PCR DIG Probe Synthesis Kit, Boehringer Mannheim), to label the probe with digoxigenin. 7 The product was purified with a High Pure PCR product purification kit (Boehringer Mannheim). Sections with the sampled gills were dewaxed in xylene, rehydrated in a descending ethanol series (100, 95, and 70%), and washed in distilled water. Tissues were equilibrated in TES (50 mM Tris-HCl, 10 mM EDTA, and 10 mM NaCl, pH 7.4) for 10 minutes and then treated with proteinase K (15 g/ml in TES) for 15 minutes at 37 C. Proteolysis was halted with a wash in two changes of TES for 5 minutes each. Tissue sections were immersed in aqueous 20% acetic acid at 4 C for 15 seconds and then washed in two changes of distilled water for 10 minutes each. Tissues were briefly postfixed in 0.4% paraformaldehyde for 5 minutes, rinsed in distilled water, and air-dried. Hybridization was performed by applying 100 l of hybridization buffer (5 l of 100ϫ Denhardt's solution [2% Ficoll 400 (Pharmacia), 2% polyvinylpyrrolidone, and 2% bovine serum albumin (BSA)], 50 l of dextran sulfate 50%, 10 l of salmon sperm DNA 100 mg/ml, 100 l of 20ϫ standard sodium citrate [3 M NaCl and 0.3 M sodium citrate, pH 7.0], distilled water to 250 l, and 250 l of formamide) with 30 ng of digoxigenin-labeled probe onto the tissue sections. Slides were covered with small pieces of parafilm, placed on a preheated baking tray, and incubated at 90-95 C for 3 minutes to denature the DNA. Slides were then transferred to a humidified box and incubated at 40 C overnight.
After hybridization, sections were washed twice with 4ϫ standard sodium citrate for 5 minutes at room temperature and equilibrated in Tris-buffered saline (TBS: 50 mM Tris-HCl and 100 mM NaCl, pH 7.2) for 5 minutes before being blocked with TBT (TBS ϩ 3% BSA, 0.5% Triton X-100) at room temperature for 10 minutes. After blocking, slides were transferred to a slide incubation tray, and sections were incubated with alkaline phosphatase-conjugated anti-digoxigenin Fab fragments (Boehringer Mannheim) diluted 1/600 in TBT for 1 hour. Slides were washed twice in TBS for 5 minutes each time. The signal was developed by using 45 l of nitroblue tetrazolium (Boehringer Mannheim) and 35 l of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Boehringer Mannheim) in 10 ml of 100 mM Tris-HCl, 100 mM NaCl, and 50 mM MgCl 2 , pH 9.5, for 5 hours in the dark. Color development was terminated by washing in distilled water for 5 minutes.
The PCR product obtained in the first reaction was successfully used as a template and labeled with digoxigenin in the second PCR reaction. The product obtained in the second PCR was a single-stranded DNA (ssDNA), digoxigenin-labeled probe suitable for use in in situ hybridization. These probes hybridize more efficiently than double-stranded probes and do not self-anneal. 9 Other approaches for the production of ssDNA probes by PCR include the use of unequal molar amounts of the amplification primers, 5 but we find that the use of only one primer 4 is sufficient for the generation of ssDNA probes. Because the primers used in the generation of the probe are specific for L. salmonae and do not cross react with other microsporidians, we consider this probe to be specific for L. salmonae.
The probe was applied to gills from infected fish and was able to detect the presence of L. salmonae in the gills as early as 2 weeks after infection. Very small Loma-infected cells (prexenomas) were detected in the filaments or on the lamellae of infected fish (Fig. 1) . Dividing stages or meronts can be discerned in these immature xenomas (Fig. 1) . In mature xenomas (5 weeks or more after infection), the probe hybridized only to spores that were cut in half during sectioning (Fig. 2) .
Although use of PCR primers in the detection of pathogens can accurately detect the presence or absence of a given pathogen in an organ, it does not provide any additional information. In situ hybridization, on the other hand, is exquisitely sensitive and can detect the presence of a pathogen Brief Communications and Case Reports within a single cell 13 while maintaining the cell structure of the infected tissues, allowing not only the detection of a pathogen but also its precise cytological localization, which currently is not known for L. salmonae. 9,10 A series of controls were run and included a ''no probe'' control, which is useful in the identification of nonspecific binding of reagents. No background was detected in the gills examined, and the signal-to-background ratio was very high.
Most of the molecular biology techniques in use for the detection of microsporidian pathogens in humans or commercially important animals rely extensively on PCR. 3 The generation and use of an L. salmonae-specific probe will be useful in defining various aspects of its life cycle that have been difficult to study until now because of the lack of sensitive methods, not only for detection but also for localization. This will help in the study of the pathogenesis of the disease, from the identification of the initial stages of infection in the fish intestine to the identification of cells and tissues that are affected before arrival of the parasite in the gills.
